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wave of reduced transcription in 16  Hox  genes, coincident 
with increased  SP-B  transcription, was observed with ad-
vancing gestation. Consistently high transcription of  Hoxa5  
from e14.5 to postnatal day 20 may indicate that sustained 
transcription is required for normal lung maturation. When 
e15.5 lungs were cultured with dexamethasone,  Hoxb6 , 
 Hoxb7  and  Hoxb8  levels were significantly upregulated, cre-
ating the potential for modulation of diverse downstream 
target genes.  Conclusions:  Improved understanding of the 
genetic processes underlying lung development afforded 
by our Q-PCR platform may allow development of more spe-
cific methods for inducing fetal lung maturation. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 In recent years, the use of antenatal glucocorticoids 
and postnatal exogenous surfactant has decreased the 
limits of viability to about 23 weeks’ gestation. Current 
limits of viability of preterm neonates are determined by 
maturity of lung structural and functional development. 
Antenatal glucocorticoid administration is effective in 
reducing the incidence and severity of respiratory dis-
tress syndrome (RDS) by inducing structural and func-
tional changes in the fetal lung  [1] . Surfactant protein-B 
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 Abstract 

  Background:  Genetic processes underlying fetal lung devel-
opment and maturation are incompletely understood. Bet-
ter knowledge of these processes would provide insights 
into the causes of lung malformations and prevention of re-
spiratory distress syndrome and the potential adverse ef-
fects of glucocorticoids.  Hox  genes are involved in the lung 
branching morphogenesis and maturation of respiratory 
epithelium, but their expression pattern remains to be de-
fined.  Objectives:  We hypothesized that genes involved in 
lung branching would be downregulated during early de-
velopment, whereas those involved in maturation would be 
unchanged or upregulated.  Methods:  TaqMan real-time 
primers and probes were designed for all 39 murine  Hox  
genes, and the murine  SP-B  gene and transcription profiles 
of these genes were obtained from whole lungs isolated at 
e14.5, e16.5, e18.5, e19.5 and postnatal days 1 and 20.  Re-

sults:   Hox  genes in clusters A and B, specifically those be-
tween paralog groups 3 and 7, were the most represented, 
with  Hoxa4  and  Hoxa5  being the most highly transcribed. A 
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 (SP-B)  is a marker of fetal lung maturation, and deficien-
cy causes RDS. One of the actions of antenatal glucocor-
ticoids is to upregulate  SP-B , but they may also alter the 
expression of other genes in many developing organs 
leading to potentially adverse effects. Novel, targeted 
methods to accelerate lung development will depend on 
improved understanding of the underlying molecular 
mechanisms involved in the control and regulation of 
lung development, which at present remain largely un-
known  [2] .

  Lung development is dependent upon the coordinated 
expression of a large number of genes in a manner tight-
ly controlled both in time and space  [3, 4] . Early in em-
bryogenesis, gradients of transcription factors define de-
velopmental axes giving embryonic cells positional infor-
mation. Homeobox genes are master regulatory genes 
involved in embryo pattern formation, organogenesis, 
cell differentiation and hematopoiesis  [5] . Mammalian 
homeobox genes can be divided into class I, also known 
as  Hox  genes which occur in clusters, and class II or di-
vergent which are found throughout the genome. In 
mammals, 39  Hox  genes are arranged in 13 paralog 
groups in 4 clusters (A–D) with the low-numbered genes 
(e.g.  Hoxa1 ) at the 3 �  end of each cluster and the higher 
numbered (e.g.  Hoxa13 ) at the 5 �  end. The order of  Hox  
genes within each cluster affects their pattern of expres-
sion, with 3 �  genes expressed earlier in the developing 
embryo than 5 �  genes (temporal colinearity) and 3 �  genes 
expressed in rostral structures with 5 �  genes expressed in 
more caudal structures (spatial colinearity).  Hox  genes 
are highly evolutionarily conserved with the result that 
there is a high degree of homology between human and 
murine  Hox  gene sequences  [6, 7] .

  The importance of  Hox  genes in human lung develop-
ment has been demonstrated by their abnormal expres-
sion in several congenital lung abnormalities.  Hoxb5  is 
necessary for normal airway branching during develop-
ment and is overexpressed in bronchopulmonary seques-
tration  [8]  and in congenital cystic adenomatoid malfor-
mation  [9] . The etiology of these disorders is largely un-
known but each represents failure of areas of primordial 
lung tissue to follow normal patterns of morphogenesis. 
Altered patterns of  Hox  gene transcription have also been 
demonstrated in several acquired lung disorders, includ-
ing emphysema and primary pulmonary hypertension 
 [10]  and some lung carcinomas  [11] .

  Murine models suggest a role for  Hoxb5  in branching 
morphogenesis. In lung explants (e11.5) treated with 
 Hoxb5  antisense oligonucleotides, there was a foreshort-
ening and reduction of the branches arising from the 

mainstem bronchi  [12] . This supports a previous finding 
that all- trans  retinoic acid, known to upregulate a num-
ber of  Hox  genes in explanted lungs including  Hoxb5 , 
caused elongation of the primary branches  [13] . All- trans 
 retinoic acid and altered  Hox  transcription may be the 
cause of abnormalities in lung branching morphology as-
sociated with retinoid excess or deficit  [12] . Groenman et 
al.  [3]  have reviewed the relationships of retinoids,  Hox  
gene regulation and abnormal lung development.

  There is also strong evidence of the importance of the 
paralog  Hoxa5  for structural development of the respira-
tory system and regulation of pulmonary surfactant pro-
duction. It has previously been reported that  Hoxa5  tran-
scription is either constant or decreases slightly during 
lung development from e13.5 to d2  [13, 14] . Mice homo-
zygous for a loss-of-function mutation of  Hoxa5  develop 
to full term but die in the early neonatal period  [15] . These 
 Hoxa5- deficient mice have tracheal occlusion and re-
duced expression of surfactant proteins A, B and C with 
pathology similar to surfactant-deficient RDS in preterm 
human neonates  [15] .

  Previous studies using nonspecific and nonquantita-
tive degenerate primers demonstrated the predominance 
of transcripts from clusters A and B in both mice and hu-
mans  [10, 13, 16] . Quantitative and precise measurement 
of the transcription profiles of all 39  Hox  genes is essen-
tial to critically evaluate the role of this gene network in 
lung development and maturation. We hypothesized that 
 Hox  gene transcription in lungs would follow the pattern 
of spatial colinearity seen in other developmental mod-
els. We further hypothesized that genes such as  Hoxb5,  
suggested by explant studies to be involved in the lung 
branching morphogenesis, would be downregulated dur-
ing early development, whereas those involved in the 
maturation of respiratory epithelium would be un-
changed or upregulated. To test these hypotheses, we de-
signed and validated a highly specific and sensitive Taq-
Man TM  quantitative-polymerase chain reaction (Q-PCR) 
platform to measure all 39  Hox  genes simultaneously 
along with  SP-B .

  Materials and Methods 

 Design of Real-Time Q-PCR Primers and Probes 
 TaqMan (Applera, Foster City, Calif., USA) real-time primers 

and probes were designed for all 39 murine  Hox  genes and the  SP-
B  gene ( table 1 ) using GenBank published sequences and Primer 
Express TM  software (Applera). Q-PCR reactions, analysis and val-
idation of the target amplicons were carried out as previously de-
scribed  [17] . Total RNAs isolated from all major adult and fetal 
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tissues including whole fetuses were pooled, reverse-transcribed 
using Moloney leukemia virus native reverse transcriptase (Invi-
trogen, Paisley, UK) and used for the validation of the primer 
probe sets. Amplicons generated using the forward and reverse 
primers were cloned into TOPO-TA (Invitrogen) or pGEM-T 
Easy (Promega, Southampton, UK) and plasmid DNA was pre-
pared using the Qiagen �  miniprep kit (Qiagen Ltd., Crawley, UK), 
all according to the manufacturer’s protocols.

  Standard Curve Generation and Definition of Copy Number 
 The sequence-validated minipreps were each diluted 1:   10 

with ddH 2 O, and plasmid DNA concentration was determined 
spectrophotometrically by absorption at 260 nm (A 260  value) us-
ing an Ultraspec 4300 pro spectrophotometer (Amersham Bio-
sciences, Uppsala, Sweden). An A 260  value of 0.1 or higher was 
deemed satisfactory and in terms of plasmid purity, an A 260 :A 280  
of 1.7–2.0 was accepted. A stock solution of 10 9  plasmid copies 

Table 1. Design of TaqMan primers and probes

Gene Accession
No.

Site Forward primer TaqManTM probe (5� FAM, 3� TAMRA)

Hoxa1 NM 010449 Exon 1 CCTTGGCAGTGGCGACTCT CGAGCTTACCCCTCTGACCATGGGAT
Hoxa2 NM 010451 Exon 1 TCGCTGAGTGCCTGACATCT CCCCTGTCGCTGATACATTTCAAAGTTCA
Hoxa3 Y11717 Exon 1 CAATGGGTTCGCTTACAATGC CAGCCATACGCGCCGTCCG
Hoxa4 S67058 Exon 2 CCGGAGAATGAAGTGGAAGAAA CACAAACTTCCCAACACCAAGATGCGA
Hoxa5 NM 010453 Exon 1 TAGTTCCGTGAGCGAACAATTC CTCGGCGAGCATGCACTCCG
Hoxa6 AF247663 Exon 1 CCTATTTTGTGAATCCCACTTTCC CCTGCCCAGCGGCCAGGA
Hoxa7 NM 010455 Exon 1 ACGCGCTTTTTAGCAAATATACG CTTCTCTCTTCCAAAATGCCGAGCCG
Hoxa9 NM 010456 Exon 1 CCGAACACCCCGACTTCA TGCAGCTTCCAGTCCAAGGCGG
Hoxa10 NM 008263 Exon 1 CACAGGCCACTTCGTGTTCTT TGCGCAGAACATCAAAGAAGAGAGCTCC
Hoxa11 NM 010450 Exon 1 AGATTTCTCCAGCCTCCCTTCTT CCCCAGACCCCGTCTTCGCG
Hoxa13 NM 008264 Exon 2 CCTCCCCACCTCTGGAAGTC TCTCCCATCCTTCAGACGCCAGCTC
Hoxb1 NM 008266 Cross intron ACTCTCACTCCCCGGACCTT AGAGAAACCCACCTAAGACAGCGAAGGTGTC
Hoxb2 M34004* Exon 1 GCTCGCCGAGTGTCTGACTT CCCCGCTGTCTTGGAGACATTTCAAA
Hoxb3 U02278 Exon 1 TACCAGCGCTCAGCGTGTT TGCAGTCCCTGGGCAACGCC
Hoxb4 M36654 Exon 1 ACTCAAACTATGTCGACCCCAAGT CACAGAGCGATTACCTACCCAGCGACC
Hoxb5 NM 008268 Cross intron GGGCAGACTCCACAGATATTCC ATGAGGAAGCTTCACATCAGCCACGATATGA
Hoxb6 J03782 Cross intron TTCCTATTTCGTGAACTCCACCTT AGCGGGCAGGAGTCCTTCCTGG
Hoxb7 X06762 Cross intron TCTAAATATCCAGCCGCAAGTTC TTTCGCTCCAGGAGCCTTCCCC
Hoxb8 X13721 Exon 1 AACTCACTGTTCTCCAAATACAAAACC AGTCCCTGCGCCCCAATTATTATGACTG
Hoxb9 S66855* Cross intron TGTCCATTTCTGGGACGCTTA ACGCCGAGCACCTGGACTTCCC
Hoxb13 NM 008267 Exon 1 CGCTGATGCCAACTGTCAAC CCCCCCTGGATCTGCCAGGC
Hoxc4 NM 013553 Cross intron AACCCATAGTCTACCCTTGGATGA ATTCACGTTAGCACGGTGAACCCCAATTATAA
Hoxc5 NM 008271 Cross intron ACCCGTGGATGACCAAACTG ATGAGCCACGAGACGGATGGCAA
Hoxc6 S74185 Exon 1 ACGTCGCCCTCAATTCCA CCTATGATCCAGTGAGGCATTTCTCGACC
Hoxc8 X07439 Cross intron TCTCCCAGCCTCATGTTTCC ATGAGACCCCACGCTCCTGGGC
Hoxc9 NM 008272 Exon 1 TGTAGCGATTTTCCGTCCTGTAG AGCCGGCTGTATTCAGTACGTCGTGG
Hoxc10 XM 128109 Exon 1 GGGCCAAGACCGCAGACT AAGCTAAAGGTAAGGCCGTAGGAGATAAAGGCA
Hoxc11 XM 111600 Exon 1 GCGGCCGACGAGCTTAT CACCGGGAGTGCCTGCCTCCT
Hoxc12 U04839* Exon 1 TCTCCTGAATCCTGGGTTTGTG TGGTGAATATCCACACAGGAGACACCTTCTACTT
Hoxc13 U04838* Exon 1 GCCACCCTGGGCTATGG CTACGGCTGCCGCCTGTCGC
Hoxd1 NM 010467 Cross intron CGCCCACAGCACTTTCG AACGCCCCCAAGAAAAGCAAACTGTC
Hoxd3 NM 010468 Cross intron AAAGAATCCCGACAGAACTCCAA TGTGCCACTTCAGGAGAGAACTGTGAGGA
Hoxd4 NM 010469 Cross intron GCTGTGGTCTACCCTTGGATGA CACGTGAATTCGGTGAACCCCAACTACA
Hoxd8 X56561* Exon 1 GGGAGCCCGCGAAGTT ACGGATACGATAACTTACAGAGACAGCCGATTTT
Hoxd9 NM 013555 Cross intron CGGGCTGCTCGCTGAA TGACCCAAACAACCCTGCAGCGA
Hoxd10 NM 013554 Cross intron CTGCCTGGCTGAGGTTTCC AGAAGGAAAGCAAAGAGGAAATCAAGTCTGATACTCC
Hoxd11 X71422 Cross intron GGAACGCGAGTTTTTCTTTAATGT CAACTCTCTCGGATGCTCAACCTCACTGAC
Hoxd12 NM 008274 Exon 1 CCTGTGCCTCCAGCTTCAA AGACACCAAAGGCCCGCTCAACTTG
Hoxd13 NM 008275 Cross intron AGGTGTACTGTGCCAAGGATCAG ATCATCCTTTCCAGGAGATGTGGCTTTAAACC
SP-B NM 147779 Exon 8 AGCGCTACACAGTTCTCCTGCTA TGGCCTTGTCCTCCGATGTTCCACT

* Indicates those designed using genomic sequence as mRNA sequence was not available or was incomplete.
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per  � l was produced. Plasmids were linearized with  Not1  re-
striction enzyme digestion (New England Biolabs, Beverly, 
Mass., USA) and diluted to produce a solution with final con-
centration of 10 8  template copies per  � l. Serial dilutions of plas-
mid in ddH 2 O were used to provide a range of copy numbers 
from 10 1  to 10 7  per  � l.

  Q-PCR analysis using the serially diluted plasmids as tem-
plates was performed in triplicate ( table 1 ). All standard curves, 

correlation coefficients, gradient and intercept values were gener-
ated using the ABI 7700 sequence detection system and associ-
ated software (Applera). The correlation coefficient value indi-
cates the reproducibility of the TaqMan system over several or-
ders of magnitude. The y-intercept value indicates the level of 
sensitivity of the system for each target, and the gradient reflects 
the robustness of the kinetics of the PCR over a range of template 
concentrations. Standard curve generated copy number values 

 

Reverse primer Standard curves

slope intercept
with y-axis

correlation 
coefficient

GCGCAGGATTGGAAAGTTGT –3.162 37.826 0.999
AAAGCGTCGAGGTCTTGATTG –3.159 37.238 0.999
AGGCAGGTCGATGGTACTCAAC –3.508 38.157 0.999
GCCGAGGCAGTGTTGGAA –3.058 37.892 0.999
GCTGAGATCCATGCCATTGTAG –3.536 38.610 0.999
CAGCTGGCCCAAGAAGGA –3.908 41.921 0.992
GGGTGCAAAGGAGCAAGAAG –3.382 37.409 0.999
TTCCACGAGGCACCAAACA –3.438 37.769 0.999
TTGTCCGCAGCATCGTAGAG –3.387 39.229 0.998
TGGAGGAGTAGGAGTATGTCATTGG –3.296 38.068 0.998
TAAGGCACGCGCTTCTTTCT –3.464 39.490 0.998
CTGGCGCGTGGTGAAGTT –3.494 38.860 0.996
AATGTCGACTCCTTGATTGATGAA –3.265 38.594 0.999
TGCCATTGAGCTCCTTGCT –3.422 38.053 0.999
GGCTGGAAGCCGCTCTCT –3.555 39.711 0.996
GGGTCAGGTAGCGATTGAAGTG –3.479 40.023 0.998
CCGCATAGCCAGACGAGTAGA –3.432 38.756 0.996
CAAAGGCGCAAGAAGTTTGTT –3.278 37.195 0.998
TTGCGAAGGGTGCTGGAA –3.401 39.737 0.997
GAACACCGGCGCTTTGG –3.403 37.759 1.000
GACAAGGGTGGCACTGCTTT –3.228 36.841 0.995
CGGTTGTAATGAAACTCTTTCTCTAATTC –3.769 42.527 0.998
AGGGTCTGGTAGCGCGTGTA –3.427 37.836 0.999
CTGAGCTACGGCTGCTCCAT –3.437 37.627 0.998
GTCTGATACCGGCTGTAAGTTTGTC –3.775 40.368 0.998
CCGTAAGGGTGATAGACCACAGA –3.289 37.903 0.998
GCCAATTTCCTGTGGTGTTTTC –3.398 39.201 0.998
TTTTTCATGAGGATCTCAGTGACTGT –3.514 38.529 0.998
CCTGACGCGCGGAAGTT –3.186 37.565 0.996
TTCTGCTGCAGGTTCACGTT –3.493 38.209 0.999
GGGCTTGTGGCTCCATATTC – – –
CACCAGCTGAGCACTCGTGTAC –3.462 39.308 0.999
AATGAAATTCCTTTTCCAGTTCTAGGA –3.489 40.183 0.998
CACTGGACGATTTACAGTCAGGAT –3.353 38.190 0.997
TCCAGCTCTAGCGTCTGGTATTT –3.520 40.317 0.998
AGCGTTTGGTGCTTGGTGTAA –3.515 40.941 0.994
TCCTGCGATTCTGGAACCA –3.176 37.467 0.997
GCCACTTGCACTGCCATGT –3.313 37.118 0.998
TGGTGTAAGGCACCCTTTTCTT –3.521 39.576 0.995
GGGCCCATGGCATCCT –3.253 38.363 0.998
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were calculated using the threshold cycle (C T ) values obtained 
from Q-PCR of murine lung cDNA.

  Murine Fetal Lungs 
 C57BL/6J recipient mice were obtained from Harland Labora-

tories (Bicester, UK). Timed matings were achieved by placing 
female mice with males overnight. Evidence of a copulation plug 
the following morning denoted e0.5. The care and use of all ani-
mals in this study was approved by the Research Ethics Commit-
tee of Queen’s University, Belfast, with animal handling and wel-
fare regulated by the Animals (Scientific Procedures) Act (1986) 
of the UK.

  The mice were killed by carbon dioxide at the noted time (n = 
3 dams per time point). The fetuses were removed by hysteroto-
my, assessed for expected gestational stage and placed into ice-
cold Hanks’ buffered salt solution (HBSS; Invitrogen). Since lit-
ter number affects the size and development of embryos, only 
dams with litter sizes 7–8 were analyzed. Each fetus was dis-
sected under sterile conditions using 23- and 25-gauge hypoder-
mic needles. A linear incision was made along both sides of the 
thorax and transversely across the root of the neck, and the tho-
racic cage was reflected and removed by an inferior incision 
above the diaphragm. The trachea and descending aorta were 
identified and transected. The intrathoracic organs were placed 
in ice-cold HBSS and the heart, thymus and extrapulmonary 
airways were removed by fine dissection under a light micro-
scope (Carl Zeiss, Oberkochen, Germany). The lungs were ob-
tained from 4 fetuses from each dam. The right and left lungs 
from the 4 fetuses were pooled, macerated using a razor blade 
and passed through a 25-gauge needle before being dissolved in 
1 ml Trizol TM  (Invitrogen). One male and one female pup were 
obtained from each of 3 litters at 4–6 h of age (d1) and of three 
20-day-old litters (d20). The lungs were pooled from each litter 
and dissolved in 1 ml Trizol.

  Short-Term Culture of Primary Lungs 
 To determine the effects of dexamethasone on  Hox  gene tran-

scription, lungs from e15.5 fetal mice were obtained as described 
above and cultured in 200  � l serum-free Waymouth medium 
(Gibco, Paisley, UK) with 1% penicillin and streptomycin at 37   °   C 
in 5% CO 2  and 21% O 2 . The media contained either 10 –7   M  dexa-
methasone (Aldrich, Poole, UK) or vehicle (0.04% ethanol). After 
8 h, 1 day or 3 days in culture, the lungs were washed with HBSS 
and dissolved in 1 ml Trizol. Lungs cultured for 3 days had media 
replaced daily.

  Q-PCR 
 Total RNA was extracted from Trizol, quantified by absor-

bance at 260 nm, and the quality was assessed by agarose gel elec-
trophoresis (data not shown). The RNA was subsequently treated 
with DNase1 (Invitrogen) and reverse transcribed using Moloney 
leukemia virus native reverse transcriptase as previously de-
scribed  [15] . Q-PCR was performed on 50 ng equivalents of cDNA 
from total RNA in triplicate for each  Hox  gene and  SP-B  using the 
ABI 7700 sequence detection system. Predeveloped TaqMan As-
say Reagents were used to measure 18S ribosomal RNA. The C T  
for each Q-PCR reaction was recorded in triplicate, the mean was 
calculated and corrected for 18S ribosomal RNA transcription 
levels.

  The copy numbers of mRNA for each gene per 50 ng of total 
RNA were calculated using the standard curves. Regression anal-
ysis and analysis of variance were performed on the corrected C T  
values using SPSS for Windows v11.0 (SPSS Inc., Chicago, Ill., 
USA).

  Results 

 Changes in Transcription with Lung Maturation 
  SP-B  mRNA in lungs increased from low levels at e14.5 

to high levels at e18.5, which were maintained in the post-
natal period ( fig. 1 ). The transcription profile of all 39 
 Hox  genes was quantified in lungs at each of the 6 time 
points during fetal and postnatal development ( table 2;  
 fig. 2 ). The highest transcribed  Hox  genes were those in 
clusters A and B, particularly those in paralog groups 3–
6.  Hoxa4  was the most highly transcribed  Hox  gene at 
e14.5 (139,053 copies/50 ng RNA), while  Hoxa5  was the 
most highly transcribed in postnatal lungs (48,755 cop-
ies/50 ng RNA in newborn lungs).  SP-B  gene transcrip-
tion was analyzed as a positive indicator of lung matura-
tion, and levels increased from e14.5 (20,985 copies/50 ng 
RNA) to e18.5 (1,370,241 copies/50 ng RNA) and persist-
ed after the postnatal period as expected.

  In the A cluster genes, transcription of  Hoxa1  was rel-
atively low at all time points (2,035 and 1,466 copies/
50 ng RNA in e14.5 and newborn lungs, respectively), 
whereas the transcription of  Hoxa2  was slightly higher 
(7,868 and 3,661 copies/50 ng RNA in e14.5 and newborn 
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  Fig. 1.  Copies of  SP-B  mRNA detected in 50 ng total RNA ob-
tained from murine lungs at 6 time points: e14.5, e16.5, e18.5, e19.5 
and postnatal days 1 and 20. The transcription of  SP-B  increased 
over 21-fold between e14.5 and e16.5 and then increased almost 
3-fold at e18.5 before plateauing. 
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lungs, respectively). There was an increasing level of 
transcription from 3 �  to 5 � , reaching a maximal level of 
transcription in  Hoxa4  or  Hoxa5  depending on the time 
point. In e14.5 lungs, there were 139,053 copies of  Hoxa4  
and 71,200 copies of  Hoxa5  mRNA/50 ng RNA, and in 
newborn lungs there were 25,296 copies of  Hoxa4  and 

48,755 copies of  Hoxa5  mRNA/50 ng RNA.  Hox  genes 
from  Hoxa6  to  Hoxa9  had progressively lower levels of 
transcription with  Hoxa10  to  Hoxa13  having very low 
levels of transcription; 225, 363 and 257 copies of  Hoxa10 , 
 Hoxa11  and  Hoxa13  mRNA/50 ng RNA in newborn 
lungs.

Table 2. Mean threshold cycles for Hox genes and SP-B during lung development 

e14.5 e16.5 e18.5 e19.5 d1 d20 e14.5 to d1

Corr. p

Hoxa1 27.4480.55 28.4080.46 28.7880.93 28.6080.38 27.9680.79 28.1980.77 0.34 0.2091
Hoxa2 25.0580.76 25.7080.22 26.7081.16 26.2380.45 26.0080.26 26.2780.51 0.53 0.0428*
Hoxa3 23.5180.97 24.0880.57 24.9181.34 24.5280.65 24.3480.68 24.3380.88 0.41 0.1284
Hoxa4 22.2080.39 23.2580.54 25.2281.49 23.8680.20 24.5780.78 23.9180.51 0.69 0.0048*
Hoxa5 21.6681.05 21.8380.73 22.9281.36 22.4580.53 22.1280.63 22.3980.60 0.32 0.2462
Hoxa6 25.2280.50 26.3780.59 27.7381.04 27.0980.50 27.0380.45 27.8480.64 0.70 0.0035*
Hoxa7 26.0481.01 26.3581.32 26.6682.10 26.8480.81 26.6580.89 25.6681.46 0.23 0.4020
Hoxa9 29.6681.01 30.1684.33 29.9284.51 31.6781.50 30.5881.55 29.6083.47 0.19 0.5084
Hoxa10 31.1881.00 33.9080.17 33.0881.13 33.7580.58 31.6781.29 32.2581.74 0.19 0.5024
Hoxa11 29.5180.66 31.4382.03 30.9081.54 31.9281.25 30.2381.54 30.4581.53 0.24 0.3801
Hoxa13 36.5383.01 38.1084.59 39.4583.41 37.2683.66 31.7781.99 38.0280.91 –0.28 0.3076
Hoxb1 31.7581.06 35.9180.78 36.1281.50 35.9180.84 33.3980.69 33.2081.76 0.37 0.1745
Hoxb2 27.2081.05 28.7481.36 29.4082.30 29.3081.03 29.3180.82 30.5181.13 0.52 0.0454*
Hoxb3 23.1580.49 24.5480.17 25.9580.11 25.1880.30 25.4980.47 26.0880.51 0.83 0.0001*
Hoxb4 24.3881.25 25.5180.79 27.0580.94 25.6880.92 26.6280.68 26.6180.39 0.61 0.0158*
Hoxb5 24.7081.58 25.8681.00 26.6581.98 26.9980.71 27.0380.92 27.1880.82 0.62 0.0141*
Hoxb6 26.0981.14 27.9680.47 29.6781.08 29.2480.61 29.2880.68 29.2380.86 0.81 0.0003*
Hoxb7 27.2380.58 28.1980.10 29.3080.42 28.7480.31 28.5480.34 28.6080.66 0.70 0.0036*
Hoxb8 27.5281.26 29.4980.74 31.3681.55 31.5380.51 31.2680.59 32.1881.13 0.83 0.0001*
Hoxb9 29.3781.06 29.7380.50 32.3180.84 31.3581.26 31.0280.87 32.5982.49 0.61 0.0152*
Hoxb13 30.5480.70 35.1181.53 32.8481.84 34.6581.21 31.4681.30 32.1681.89 0.18 0.5323
Hoxc4 30.3681.78 31.3781.00 32.6781.68 32.3280.80 32.7280.73 32.9881.33 0.62 0.0133*
Hoxc5 29.8481.08 32.1781.47 33.0481.92 34.2482.46 33.5180.57 32.4081.34 0.70 0.0036*
Hoxc6 28.9381.35 30.0482.14 30.9081.68 31.1182.19 30.1881.35 30.8783.36 0.36 0.1895
Hoxc8 30.6082.79 32.8682.38 34.1183.29 34.9683.79 35.0683.71 36.0085.27 0.52 0.0465*
Hoxc9 30.8180.77 34.6381.08 33.1581.88 34.7081.86 32.2881.53 33.1582.31 0.30 0.2832
Hoxc10 31.7381.01 33.9781.13 33.2081.36 35.5980.80 35.0381.66 34.8181.14 0.68 0.0050*
Hoxc11 30.3181.45 34.7780.43 32.1283.08 33.9481.28 31.4482.18 32.6282.14 0.15 0.5986
Hoxc12 30.7580.60 34.9880.50 33.4481.04 35.0380.81 32.2081.34 32.7481.89 0.32 0.2375
Hoxc13 29.8180.95 33.8981.27 32.6881.88 33.4581.20 31.0581.45 31.8582.13 0.25 0.3746
Hoxd1 38.2583.03 38.9281.88 39.0081.74 38.7882.11 39.7280.49 39.8580.26 0.23 0.4173
Hoxd3 33.2281.19 34.5781.00 36.7980.77 34.6080.58 34.9980.17 35.3880.46 0.49 0.0618
Hoxd4 32.9281.30 34.7483.66 33.9284.26 35.5584.91 33.0180.68 32.7382.70 0.08 0.7807
Hoxd8 31.0080.87 30.8081.96 32.6981.69 29.6781.94 29.5780.38 30.6880.77 –0.25 0.3618
Hoxd9 35.1481.49 34.0482.09 34.7681.90 32.9482.70 32.9880.06 33.9481.43 –0.41 0.1272
Hoxd10 35.9781.38 36.2380.85 36.8081.18 36.8783.73 33.7080.51 34.8480.97 –0.21 0.4583
Hoxd11 31.4780.81 36.2380.07 35.3981.34 36.1481.27 32.3081.60 33.2981.83 0.23 0.4184
Hoxd12 30.9380.79 33.2780.83 32.8882.43 33.2382.88 31.4781.66 32.6482.44 0.15 0.5928
Hoxd13 35.4381.47 38.0783.00 39.7781.12 39.1881.16 39.0681.56 39.9080.64 0.63 0.0124*
SP-B 24.7881.49 19.9780.33 18.8281.35 18.0680.40 17.7080.81 17.7180.46 –0.86 0.2091*

Corr. = Pearson’s correlation for CT value to age from e14.5 to d1. * p < 0.05.
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  Fig. 2.  Copies of each  Hox  
mRNA (clusters A–D) de-
tected in 50 ng total RNA, 
obtained from murine lungs 
at 6 time points. A cluster 
genes have the highest tran-
scription, followed by B and 
C cluster genes with D genes 
the lowest. This is reflected 
by the changing vertical 
scales. 
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  A similar pattern of transcription was found in the B 
cluster. Very low transcription levels of  Hoxb1  were evi-
dent at all time points (128 and 39 copies/50 ng RNA in 
e14.5 and newborn lungs) with progressively higher tran-
scription levels of  Hoxb2–Hoxb3  (770 and 4,860 copies/50 
ng RNA in newborn lungs), with maximal transcription 

of  Hoxb4  or  Hoxb5  (5,167 and 6,083 copies/50 ng RNA in 
newborn lungs). As with the A cluster genes, there were 
progressively lower transcription levels of 5 �  genes, from 
 Hoxb6  (615 copies/50 ng RNA in newborn lungs) to  Hoxb13 
 (62 copies/50 ng RNA in newborn lungs). An exception to 
this pattern was  Hoxb8 , which had a higher level of tran-
scription than  Hoxb7  in antenatal but not postnatal lungs. 
In e14.5 lungs, there were 1,151 copies of  Hoxb7  mRNA 
and 4,788 copies of  Hoxb8  mRNA/50 ng RNA, whereas in 
newborn lungs, there were 447 copies of  Hoxb7  mRNA 
and 328 copies of  Hoxb8  mRNA/50 ng RNA.

  Of the C cluster genes,  Hoxc4  had the highest level of 
transcription at almost all time points (427 copies/50 ng 
RNA in newborn lungs), with  Hoxc6  and  Hoxc8  being the 
next highest transcribed (183 and 119 copies/50 ng RNA 
in newborn lungs). The remainder of the C cluster genes 
had lower levels of transcription, which were similar to 
each other. The D cluster genes had a low level of tran-
scription with  Hoxd4 ,  Hoxd8  and  Hoxd9  having the high-
est transcription in this cluster (121, 382 and 122 cop-
ies/50 ng RNA in newborn lungs).

  A wave of falling transcription to less than 50% of 
e14.5 levels at e19.5 was detected for 33 of the  Hox  genes, 
and this was statistically significant for 16 of them.  Hoxa4  
transcription decreased to 19% of e14.5 levels in postnatal 
day 1 lungs,  Hoxa6  transcription fell to 34% of e14.5 lev-
els.  Hoxa5  transcription did not change significantly. 
 Hoxb4 ,  Hoxb5  and  Hoxb6  transcription all declined dur-
ing lung maturation to 21, 18 and 11% of e14.5 transcrip-
tion, and  Hoxc5  transcription decreased to 7%. The tran-
scription pattern of  Hoxa5  therefore stood out as differ-
ent from other  Hox  genes of the same paralog group as 
well as genes adjacent within the same cluster.

  Cultured Lungs 
 The transcription of  SP-B  in the e15.5 lungs (pseudo-

glandular phase) decreased significantly after 24 h in cul-
ture and declined further following an additional 3 days 
in control media. However, 3 days in culture with 10 –7   M  
dexamethasone resulted in a significant increase in  SP-B  
transcription compared to time-matched controls ( fig. 3 ). 
The transcription levels of the 11 most highly transcribed 
 Hox  genes were measured, i.e.  Hoxa3  to  Hoxa6 ,  Hoxb3  to 
 Hoxb8  and  Hoxc8 . In the absence of dexamethasone, a 
rapid (8-hour) and prolonged (3-day) downregulation of 
 Hox  gene transcription was observed ( table 3 ). There was 
increased transcription of 5  Hox  genes in explants after 3 
days of culture with dexamethasone compared to con-
trols ( fig. 4 ). Dexamethasone caused a doubling of  Hoxa3, 
Hoxa5,   Hoxb6  and  Hoxb8  transcription after 3 days of 
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 Fig. 3.   SP-B  mRNA copies detected in 50 ng total RNA, obtained 
from e15.5 murine lungs cultured with or without 10 –7   M  dexa-
methasone (Dex) for up to 3 days. 8 h, 1 and 3 days.  †  p  !  0.01.

    Fig. 4.   a  The effect of 3 days of 10   –7   M  dexamethasone (Dex) on A 
cluster  Hox  transcription in cultured e15.5 murine lungs.  b  The 
effect of 3 days of 10 –7   M  Dex on B cluster  Hox  transcription in 
cultured e15.5 murine lungs.  *  p  !  0.05,  †  p  !  0.01. 



 Grier   /Thompson   /Lappin   /Halliday   

 

Neonatology 2009;96:50–6058

culture ( Hoxa3  from 216 to 477 copies/50 ng RNA,  Hoxa5  
from 1,208 to 2,294 copies,  Hoxb6  from 76 to 157 copies 
and  Hoxb8  from 85 to 180 copies). Doubling of  Hoxb7  
transcription occurred after 1 day of dexamethasone 
treatment (713 copies/50 ng RNA in dexamethasone-
treated compared to 300 copies in control) and by 3 days, 
the transcription in dexamethasone-treated lungs (507 
copies/50 ng RNA) was 4 times that of controls (126 cop-
ies/50 ng RNA).

  Discussion 

 The Q-PCR platform designed, validated and em-
ployed in this study enabled the measurement of gene 
transcription in a developmental lung model with a high 
degree of specificity and sensitivity. This is critical for the 
evaluation of gene expression profiles of highly related 
genes such as the  Hox  family. Specificity was attained by 
the rational design of primer-probe sets for each cDNA 

to be measured, and sensitivity over a dynamic range of 
6 logs was provided by TaqMan chemistry. The genera-
tion of standard curves of the primer-probe sets enabled, 
for the first time, the quantification of transcription of 
each gene in terms of copy numbers based on plasmid 
number equivalents.

  The prevalence of 3 �   Hox  genes of clusters A and B in 
murine lungs at all developmental time points is consis-
tent with the pattern of expression in previous published 
studies  [10, 13, 16] . The temporal decrease in transcrip-
tion of a subset of  Hox  genes indicates possible roles for 
them in the regulation of early lung developmental pro-
cesses such as branching morphogenesis.  Hoxa4 , in par-
ticular, is very highly transcribed in early lung develop-
ment, but levels decline in later lung development. The 
maintenance of a high level of  Hoxa5  transcription dur-
ing later lung development is consistent with its possible 
role in surfactant regulation  [15] .

  The absence of transcription of either  Hoxb1  or  Hoxd1  
in the lung can be explained by the expression of these 

Table 3. Mean threshold cycles for selected Hox genes and SP-B in explanted lungs

T = 0 8 h 1 day 3 days

control Dex control Dex control Dex

Hoxa3 CT 23.3280.75 24.1980.81 24.1580.87 26.0680.22 26.0780.57 29.9980.32 28.7680.09
p 0.9585 0.9905 0.0031*

Hoxa4 CT 22.7281.28 24.0681.43 24.2481.30 26.3881.07 25.9581.23 27.8581.48 27.0581.58
p 0.8812 0.6702 0.5560

Hoxa5 CT 21.4880.69 22.4080.68 22.2380.64 24.7280.24 24.1180.28 27.7280.15 26.7680.37
p 0.7717 0.0474* 0.0147*

Hoxa6 CT 25.8881.37 26.9881.04 26.6381.09 30.1980.65 29.4280.87 32.0680.70 30.2480.91
p 0.7065 0.2901 0.0515

Hoxb3 CT 23.8480.59 24.7980.49 25.0380.24 26.9480.52 26.8180.17 29.6380.38 29.0280.18
p 0.4826 0.7019 0.0673

Hoxb4 CT 25.7580.90 26.0180.62 26.3280.44 28.8880.89 28.4180.90 31.9081.26 30.7680.93
p 0.5082 0.5594 0.2752

Hoxb5 CT 24.5580.27 25.1180.13 25.5180.21 27.0980.33 26.8680.10 30.4880.40 30.4280.21
p 0.0557 0.2942 0.8279

Hoxb6 CT 26.7280.41 27.7280.27 28.1680.37 30.0880.61 29.8380.03 32.3280.29 31.2280.12
p 0.1797 0.5104 0.0036*

Hoxb7 CT 26.6380.79 26.3980.69 26.4680.77 29.1080.30 28.0380.87 30.3580.38 28.5080.82
p 0.9056 0.1162 0.0235*

Hoxb8 CT 27.4180.34 28.0080.29 28.4580.32 30.7180.34 29.9580.18 33.2680.60 32.0980.29
p 0.1407 0.0265* 0.0373*

Hoxc4 CT 30.6880.48 30.1880.61 29.7380.66 31.8280.40 31.9980.40 34.8980.77 35.4080.50
p 0.4337 0.6394 0.3911

SP-B CT 24.5081.26 24.4681.08 24.3181.14 25.2280.67 25.1980.96 27.6280.67 23.5481.36
p 0.8782 0.9666 0.0096*

* p < 0.05.
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genes early in development in more caudal structures 
than the lungs. In situ hybridization using RNA probes 
for  Hoxb1  has previously demonstrated no transcription 
in the fetal mouse lung, whereas  Hoxb2 ,  Hoxb3 ,  Hoxb4  
and  Hoxb5  were all detected in a region-specific fashion 
in the e9.5 to e12.5 developing lung  [18] .

  Chinoy et al.  [19]  found that Hoxb5 protein, as mea-
sured by Western blotting and immunohistochemistry, 
decreased progressively in e14 mouse lungs cultured for 
3–7 days. They concluded that the decline in Hoxb5 pro-
tein was similar to that seen during normal development 
in vivo and reflected maturation of the explanted lungs 
in vitro. Our study confirms and extends these findings 
by illustrating decreases in the mRNA of all 11 B cluster 
 Hox  genes including  Hoxb5 .  Hoxa5  mRNA levels, which 
remain constant during normal development in vivo, de-
crease during lung culture in vitro, suggesting exhaus-
tion of a positive regulator of this gene ex vivo. This could 
be a general effect since a global fall in  Hox  transcription 
was observed in vitro. These findings also highlight the 
difficulty of reproducing in vivo developmental findings 
in culture models.

  Surprisingly, we found no downregulation of  Hoxb5  
mRNA following 3 days of culture with dexamethasone. 
It has previously been reported that protein levels of 
Hoxb5 are reduced following glucocorticoid-induced 
lung maturation  [19] . It is possible that dexamethasone 
exerts its effects on  Hoxb5  at the posttranscriptional lev-
el, e.g. by reducing the translation efficiency or increasing 
protein degradation  [1, 20] . In our study, the transcrip-
tion of  Hoxb6 ,  Hoxb7  and  Hoxb8  was increased by dexa-
methasone, indicating the complexity associated with 

hormone-induced  Hox  regulation. Glucocorticoids have 
multiple effects on the developing lung, including the in-
duction of structural changes during alveolarization and 
increased expression of genes required for adaptation of 
the lung to air breathing  [1] . The identification of this 
dexamethasone-regulated subset of genes provides a ba-
sis for potential novel strategies for lung maturation. Fur-
ther experiments in vivo will be required to ascertain if 
the changes in  Hox  expression in cultured lungs will re-
flect the physiologic and pharmacologic events observed 
in utero.

  Conclusion 

 A real-time PCR platform has been designed, validat-
ed and applied to quantify the transcription of the com-
plete  Hox  network during murine lung development. A 
subset of developmentally regulated  Hox  genes has been 
identified both from in vivo and in vitro studies, suggest-
ing that direct modulation of these master regulators will 
affect lung development and maturation in a positive 
way. More specific targeting of these processes, avoiding 
glucocorticoid-induced side effects, will have long-term 
benefit to the developing infant.
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